Conformations and reaction energetics are important for understanding the interactions between biomolecules and metal ions. In this work, we report a systematic ab initio study on the conformations and metal ion affinities of glutamine (Gln) . In addition to all conformers known in literatures, many new important conformations are located, demonstrating the power of the new method and the necessity of the conformational search performed here. The metal coordination modes, relative energies, dipole moments, and equilibrium distributions of all important conformations of Gln·M +/++ are calculated by the methods of B3LYP, BHandHLYP, and MP2. IR spectra and metalation enthalpies and free energies are also presented and compared with the available experiments. The results form an extensive database for systematic examination of the metalation properties of Gln.
I. INTRODUCTION
Metal ions are involved in about 40% of all proteins and enzymes in living systems. Amino acids are the basic building blocks of all natural proteins and the knowledge about amino acids interacting with metal ions is of broad interest. Metalated amino acids in gas phase that are free of the complicated solvent effect are relatively easy to study, but are important basic models for understanding their counterparts in living bodies [1−3] . In fact, the structures and properties of gaseous biomolecules are often closely related to their counterparts in solution [3−6] . Consequently, conformations and thermo-chemical properties of metalated amino acids in gas phase are interesting research subjects and have been intensively investigated both experimentally [3−18] and theoretically [19−23] .
Glutamine (Gln) is a critically important amino acid and comprises about 50% of all free amino acids in the whole-body pool. It plays an important role in muscle growth and synthesis of enzymes and serves as fuel for many kinds of cells. The IR spectra of gaseous Gln metalated with Li + , Na + , K + , Cs + and Ba 2+ have been measured [17, 18] . Experimental and theoretical determinations of the structures and metal ion affini- * Author to whom correspondence should be addressed. E-mail: zjlin@ustc.edu.cn
ties (MIA) of Gln binding with Li
+ , Na + and K + have also been reported [7−9, 13, 24] . Nevertheless, there is no systematic comparative study on the conformations and MIA of Gln metalated with the set of alkali and alkaline earth metal ions. Moreover, the experimental conformation assignments are indirect and rely on the candidate structures determined by theoretical studies. Furthermore, the existing theoretical results are often obtained by conformational search based on Monte Carlo sampling using molecular mechanics force fields that are prone to missing important conformers [25] . To improve the reliability of the computational results, extensive systematic conformational searches of the potential energy surfaces are required [26] .
In this work, a conformational search method for systematically exploring the potential energy surfaces of metalated Gln is described. Conformations of Gln metalated with alkali and alkaline earth metal ions are obtained by conducting the systematic search method. The important conformations and their structural characteristics are discussed. MIAs and IR spectra of the metalated Gln are computed by several quantum chemistry methods and compared with the available experiments.
II. COMPUTATIONAL METHOD
In principle, the full conformational space of a biomolecule may be thoroughly searched by optimizing trial structures generated by combinations of varying all rotational degrees of freedom. The thorough conformational search method has been successfully applied to many small biomolecules, including Gln [26] . Systematic searches of the structures of protonated, hydrated and metalated amino acid complexes have also been performed [4, 5, 21, 22] . These studies show that the structures of metalated amino acid may be classified as mono-, bi-, and tri-dentate coordination between a metal ion and the electronegative atoms of amino acid. All mono-dentate coordination structures have high energies relative to the global minimum and may be ignored. These studies also indicate that it is a reliable and efficient approach to locate the low energy conformations of metalated amino acid with trial structures generated by adding the metal ion to possible binding sites of free amino acid conformations. Binding metal ion with different amino acid conformations may result in the metalated structures with an energy ordering very different from that of free amino acid conformations. Normally the change in energy ordering is expected to be limited to a few kcal/mol. To add a sufficient safety margin to the solution, conformers of free Gln that are within 16 kcal/mol of the global minimum are used here to generate the trial structures of metalated complexes.
However, some metalated amino acids may exhibit so called salt bridge (SB) structures as their low energy conformations [11, 18, 21, 22, 27] , while SB or zwitterions structures are often absent for free amino acids. Therefore, the aforementioned trial structures are only reliable for determining low energy charge solvated (CS) structures of metalated amino acid. To locate low energy SB structures of metalated Gln, the free Gln conformers within 16 kcal/mol of the global minimum are used to generate zwitterions structures by adding the proton removed from the carboxyl group to the amino group. These zwitterions are then used to construct the trial SB structures of metalated Gln.
The sum of the radius of oxygen atom and the radius of metal ion is used as the trial bond length between the ion and an electronegative atom of Gln. The location of metal ion is easily determined in a tridentate coordination. For a given set of three electronegative atoms, there are only two possible locations satisfying the bond length constrain, as illustrated in Fig.1(a) . However, there is a circle at which all points meet the bond length constrain in bidentate coordination, as shown in Fig.1(b) . The possible ion locations on the circle may be searched like a bond rotational freedom. Hence, N equally spacing points on the circle may be used to generate trial metalated Gln structures. Substantial tests have been performed and N =2 is found to be sufficient to locate the low energy conformations.
The trail structures were first optimized at the level of HF/3-21G, followed by optimization at the B3LYP/6-311++G * * level. The vibrational frequencies, zero point vibrational energy (ZPVE) and thermal correc- tions to enthalpy (H coor ) and free energy (G coor ) are calculated at the B3LYP/6-311++G * * level to correspond to the geometry determination method. A scaling factor of 0.985 for the frequencies is chosen to best match the published experimental results [18] . Most single point energies were calculated with MP2 [28] , B3LYP [29−34] , and BHandHLYP methods using the 6-311++G(3df,3pd) basis set. For the fourth and fifth row elements, the basis set of LANL2DZ [35−37] was used to reduce the computational cost. The trial structures were generated using our in-house developed software. All the energy calculations and geometry optimizations were performed with Gaussian 03 [38] .
The enthalpy of free Gln or metalated Gln, H A (A=Gln or Gln·M +/++ ), is determined by conformational ensemble averaging:
where x i is the population fraction of conformer i determined by relative conformational free energies and summed to 1 for all conformers. All the gaseous species are assumed to be ideal gases at the pressure P of 1 atm. 
In addition to the ensemble averaging, the contribution by the entropy of mixing is considered in the calculation of free energy of Gln and metalated Gln:
Considering the term due to the translational partition function [39] , the free energy of metal ion is calculated as
where M is the mass of metal ion. MIA is defined as the negative of the enthalpy change of the reaction Gln+M +/++ →Gln·M +/++ at the room temperature,
The negative free energy change of the reaction is also computed as follows,
The basis set superposition error is considered in computing the enthalpy and free energy changes.
III. RESULTS AND DISCUSSION
For the convenience of referencing, we first define some nomenclature here. simplicity, a conformer may also be denoted with the name of the metal element followed by a numeral suffix indicating its relative stability within all conformers ordered according to its relative MP2 energy, e.g., Na1 and Na2. Table I shows the relative electronic energies, dipole moment, ZPVE, H coor and G coor at the room temperature for all important conformations of Gln·M
A. Conformations of Gln binding with alkali metal ion
+ . An important conformer here means that the room temperature population of the conformer is over 10% as determined by any one of the B3LYP, BHandHLYP and MP2 methods. In case there is only one dominant conformer for a metal ion, the second most abundant conformer is also shown in Table I . The equilibrium conformational distributions at T =298 and 500 K are shown in Table II . The structures of the important conformers are shown in Fig.2 .
As seen from Table I and Table II , the B3LYP, BHandHLYP, and MP2 results agree on the global minimum conformer of Gln·Li + and the global minimum is the only important conformer for Gln·Li + . The three methods also agree on the global minimum of Gln·Na + and there are two important conformers for Gln·Na + . For Gln·K + , Gln·Rb + , and Gln·Cs + , however, the global energy minima are zwitterions as predicted by B3LYP, but are canonical conformers as predicted by BHandHLYP and MP2. Based on B3LYP results, it has been concluded that the size of metal ion is the dominant factor for the global minimum to take the zwitterionic form [26] . The present BHandHLYP and MP2 results indicate that the conclusion may be only a B3LYP biased claim. Experiments may be used to verify the results as there are some characteristic different features in the IR spectra of canonical and zwitterionic conformers. However, it is usually difficult to distinguish by normal temperature IR spectrum as it is a superposition of contributing conformers. Some low temperature IR measurement may be required to draw convincing conclusion. Before such measurement is performed, we tend to prefer the BHandHLYP and MP2 results. Nevertheless, the tendency is clear that zwitterionic structures are favorable for large metal ions.
With the change in metal ion size, another trend also emerges. The coordination of NOO s .c is strongly favored over OOO s .c in Gln·Li + and Gln·Na + , but the two configurations are comparable in Gln·K + . For Gln·Rb + and Gln·Cs + , OOO s .c is more favorable than NOO s .c. That is, there is a trend that the OOO s .c configuration is increasingly favored with the increased ion size. Therefore, assuming NOO s as the favorable canonical configuration may produce deficient results. For example, the global minimum for Gln·Cs + was predicted to be Cs5 in our notation [18] and is in fact an unimportant conformer of Gln·Cs + . The global mini- [7, 18] . It should be mentioned that all conformers located in previous studies have been found in this work. Considering the newly located important conformers, it is clear that our method of conformational search is more reliable than the ones used before [7, 18] .
It is worthy pointing out that the relative conformational energies and the conformational distributions determined by the B3LYP, BHandHLYP and MP2 methods are quite different for Gln binding with large cation, K + , Rb + , or Cs + , as shown in Tables I and II . As none of the methods is definitely superior to the others and there is a lack of strong evidence to favor one or the other, it is prudent to treat the results of different methods on an equal basis. It should also be noted that the global energy minimum may be different from the global free energy minimum (the most abundant conformer) due to the entropy effect. For example, K1 is predicted by MP2 as the global energy minimum (Table I) , but K9 which is 4.42 kJ/mol less favorable than K1 has a population almost twice as much as K1 at the room temperature (Table II) . As the entropy effect increases with temperature, K9 is over three times more abundant than K1 at 500 K. Therefore, conformers within a sufficiently large energy range of the global minimum should be thoroughly searched before one may reliably determine the most important conformers. Table III shows the relative electronic energies, dipole moment, ZPVE, H coor and G coor at the room temperature for all important conformations of Gln·M ++ , where M ++ denotes divalent alkaline earth metal ion. The equilibrium conformational distributions at T =298 and 500 K are shown in Table IV . The structures of the important conformers are shown in Fig.3 .
As shown in Tables III and IV, (Fig.3) that of OOO s .z1 and OOO s .z2 as determined by the B3LYP results, except for very low temperature when only the global minimum conformer is dominant. However, the population of NOO s .c1 predicted by the MP2 method is very low at most temperature. IR spectrum measured at low to medium temperature may be used to verify which method provides the best description of the Gln·Ca ++ conformations.
The B3LYP and MP2 methods show clearly that the global minimum of Gln·Sr ++ is a zwitterionic conformer with the OOO s coordination. Considering ZPVE that is effective at any temperature, the global minimum of Gln·Sr ++ is predicted by BHandHLYP to be a canonical conformer, NOO s .c1. As predicted by BHandHLYP, NOO s .c1 is the most abundant conformer at any temperature. However, the MP2 method shows that OOO s .z1 is basically the only conformer in the equilibrium ensemble, with a population of over 95% for T ≤500 K. The B3LYP results are intermediate to the BHandHLYP and MP2 results. Again, some experimental IR spectrum, especially that measured at low temperature, may provide a clear test of the theoretical results. Moreover, the dipole moment of OOO s .z1 and NOO s .c1 is quite different (Table III) . The theoretical results may be unambiguously tested by the dipole moment measurement at low temperature [39] . Table III , all the B3LYP, BHandHLYP, and MP2 results show that the global minimum of Gln·Ba ++ is zwitterionic with a metal ion coordination of OOO s , also agreeing with the result of Ref. [18] . Nevertheless, the tendency of favoring canonical conformation by BHandHLYP is still quite obvious. The BHandHLYP method shows that the canonical conformer of NOO s .c1 is an important conformer with a population of over 20% for T >298 K, while NOO s .c1 is predicted by B3LYP and MP2 to be unimportant at any temperature (Table IV) . However, the above difference is relatively small in comparison with that for Gln·Ca ++ and Gln·Sr ++ and may not be easily distinguishable by IR or dipole moment measurement.
As shown in
Overall, the NOO s coordination of metal ion is the most favorable canonical conformation and the OOO s coordination mode is the most favorable zwitterionic form for alkali and alkaline earth metal ions binding with Gln. The NOOs mode is strongly favored by small ions, Li + , Na + , Be ++ , and Mg ++ . The OOO s mode is increasingly favored with the increased size and charge of metal ion. All three methods show that the global minimum of Gln·Ba ++ is a salt bridged conformation with the ion coordination mode of OOO s .
In terms of the computational methods, B3LYP is most inclined to predict a SB form for the global min- imum, while BHandHLYP tends to favor a CS structure. MP2 is intermediate to B3LYP and BHandHLYP in predicting a SB structure for the global minimum. However, when MP2 does predict a SB form for the global minimum, the energy difference between the SB and CS forms is larger for MP2 than for B3LYP. Figure 4 shows the theoretical IR spectra of Gln·M +/++ at the room temperature using the conformational distribution determined by the MP2 method. The theoretical IR spectra are compared with the available experimental results that are obtained by replotting the data in Refs. [17, 18] and are only approximate. The theoretical spectra shown here are substantially more reliable than that in Ref. [17] as numerous important conformers are missed in Ref. [17] , while all conformers in Ref. [17] are located in this work. In fact, some of the discussion in Ref. [17] may be incorrect. For example, the IR spectrum for Gln·Cs + in Ref. [17] is based on its global minimum that corresponds to Cs5 here and accounts for only 5% in the equilibrium population.
C. Infrared spectra
As shown in Fig.4 , even though there are overall agreement between the theory and the experiment, there are clear differences in the details of the theoretical and experimental vibrational peak positions and intensities. The IR spectra of MP2, B3LYP, and BHandHLYP are the same for Gln·Li + , Gln·Na + , Gln·Be ++ , and Gln·Mg ++ due to their essentially mono conformational feature. The B3LYP and BHandHLYP IR spectra for Gln·K + , Gln·Cs + , and Gln·Ba ++ are somewhat different from that of MP2, but the differences are relatively small compared to that with the experiments. That is, using the B3LYP or BHandHLYP spectra does not substantially affect the agreement with the experiments.
There are several factors that may cause the difference between the theoretical and experimental results. One is about the data treatment. The theoretical spectra are generally obtained by Gaussian or Lorentz broadening of discrete vibrational modes and are affected by the broadening parameter. The experimental spectra implicitly involve interpolations and are affected by the resolution and response of the measuring instrument. Closely neighboring peaks often appear as a broadening peak and it is difficult to see sharp features in experiment. Another factor is the effective temperature for the conformational distribution. Even though IR spectra are often measured at about the room temperature, the conformational ensemble may correspond to a different effective temperature as the sample needs to be heated first to evaporate the amino acid. The effective temperature is almost always higher than the room temperature, and may be as high as 600 K [41] . In fact, the conformational ensemble may sometime be not in equilibrium yet [40] . Meaningful theoretical and experimental comparison may be made only when the equilibrium is reached and the effective temperature is determined experimentally. There are also additional error sources from the theoretical side, e.g., an averaged empirical scaling factor for vibrational frequencies due to the neglect of anharmonic effect, inaccurate distribution due to unknown inaccuracy in relative conformational energies, inaccurate IR intensity due to inaccurate charge distributions and the use of pesudopotentials for heavy elements (the fourth and fifth row metal ions).
Due to the above mentioned reasons, a comprehensive comparison between the theoretical and experimental IR spectra is unrealistic at the present. We also defer [7, 9, 10] . b Experimental −∆H is 162 kJ/mol [13] . a detailed comparison of the theoretical IR spectra to a future study. However, the above analysis does point out the best situation for comparing the theory with the experiment. That is, the experimental IR spectrum for single conformer, namely measured at adequately low temperature with the equilibrium carefully assured, may be used to test the qualities of the predictions by B3LYP, BHandHLYP and MP2. Moreover, the IR spectra shown here are the first systematical results to show the trend of spectral variation in Gln metalated with alkali and alkaline earth metal ions. For example, there are feature peaks in the range of 800−1200 cm −1 for light elements such as Li + and Be ++ , but these peaks weaken with the increased size of the metal ion and disappear for Ba ++ . These feature peaks may be used to determine the type of metal ion involved. Table V shows the reaction enthalpies and free energies of Gln binding with alkali and alkaline earth metal ions as calculated by the methods of B3LYP, BHandHLYP and MP2. The conformations of Gln reported in Ref. [26] are used here. To our knowledge, only the MIAs of Gln with Na + and K + have been published [7, 9, 10, 13] . Data in Table V are the first comprehensive compilation on MIAs of Gln with alkali and alkaline earth metal ions.
D. Metal ion affinities
As shown in Table V , there is a general trend regarding the results computed by the three methods: the MIAs and the negative free energy changes are the largest as predicted by BHandHLYP, followed by the B3LYP results, and the smallest as predicted by MP2. The differences among the results of the three methods are smaller for alkali metal ions than that for alkaline earth metal ions, due mainly to the larger MIAs of the latter. For a given series of monovalent or divalent metal ions, the difference tends to decrease with the increase of the ion size, though the trend may be disturbed by the use of pseudopotential for the fourth and fifth row elements.
There are experimental reports on MIAs of Gln with Na + and K + , as shown in Table V . The MP2 results are in very good agreement with these available experiments. It is natural for one to favor the MP2 results. However, one should be cautious about this conclusion as all the existing experimental data are obtained by the simple kinetic method (SKM) that ignores the relative entropy changes [41−44] . As shown in Table V , the reaction free energy changes are quite different at T =298 and 500 K, indicating a strong entropic effect. Since the free energy change is probed more directly than the enthalpy change in experiments and the effective experimental temperature is often close to 500 K, deducing the enthalpy change at T =298 K from the experiment may sometime cause significant error. In fact, it has been shown that the SKM result underestimates the protonation energy of Gln by about 30 kJ/mol [26, 41] . Due to the similarity in the metalation and protonation processes, some underestimation of SKM on MIA is expected. Therefore, one should not jump into the conclusion that the MP2 results provide the best estimate of MIAs of Gln. To truly resolve the theoretical dispute, measurements of MIAs of Gln by the more rigorous method of the extended kinetic method [41] are highly desirable and urged.
IV. CONCLUSION
A simple and reliable method of systematically searching low energy conformations of metalated Gln is described. The method is used to find the low energy conformations of Gln binding with alkali and alkaline earth metal ions. In addition to all conformers The tridentate charge solvation coordination mode of NOO s is the dominant conformation for Gln·Li + , Gln·Na + , Gln·Be ++ , and Gln·Mg ++ . The global minimum of Gln·Ba ++ adopts a tridentate SB coordination mode of OOO s . The global minima of Gln·K + , Gln·Rb + , Gln·Cs + , Gln·Ca ++ , and Gln·Sr ++ are dependent on the computational method and may take either the CS or SB form. Overall, B3LYP tends to favor the SB form, while BHandHLYP tends to favor the CS conformation.
IR spectra at the room temperature for Gln bound with alkali and alkaline earth metal ions are presented and compared with the available experiments. It is noted that the feature peaks in the range of 800−1200 cm −1 may be useful for identifying the metal ion bound with Gln.
MIAs and reaction free energies of Gln binding with alkali and alkaline earth metal ions are computed by the methods of B3LYP, BHandHLYP and MP2. The BHandHLYP MIA values are the largest, while the MP2 values are the smallest. The MP2 results are in good agreement with the available SKM experiments. However, large entropic effects on the reaction free energies are observed. As SKM tends to underestimate MIAs when large entropy changes are involved, MIAs measured by the extended kinetic method are urged to provide more definite answers.
